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Abstract
The pion-mass-dependent nucleon-nucleon (NN) potentials in term of one-pion exchange and
contact terms are obtained from the latest lattice QCD simulations of two-nucleon system, which
employ the forms of leading order (LO) NN potential from the chiral effective field theory and thus
are named as the LO chiral potential in this work. We extract the coefficients of contact terms and
cut-off momenta in these potentials, for the first time, by fitting the phase shifts of 1S0 and
3S1
channels generated by the results of HALQCD collaboration with various pion masses from 468.6
MeV to 1170.9 MeV. The low-energy constants in the 1S0 and
3S1 channels become weaker and
approach each other for larger pion masses. These LO chiral potentials are applied to symmetric
nuclear and pure neutron matter within the Brueckner-Hartree-Fock method. At this moment,
however, we do not have yet the information of the P -wave NN interaction to be provided by
the lattice QCD simulations for full description of nuclear matter. Our results will enhance the
development of nuclear structure and nuclear matter by controlling the contribution of the pionic
effect and illuminate the role of chiral symmetry of the strong interaction in complex system.
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I. INTRODUCTION
Last forty years, the chiral effective field theory (ChEFT) and lattice quantum chromo-
dynamics (LQCD) are two powerful tools to solve the problems of strong interaction at the
low energy scale due to its nonpertubative behaviors. The realization of LQCD simulation
is strongly dependent on the computing resource. It is very hard to describe the properties
of hadrons at physical pion mass, mpi ≈ 140 MeV. On the other hand, these properties can
be generated as functions of pion masses in ChEFT. Therefore, there are many attempts to
extrapolate the LQCD results of hadrons to physical pion mass with the help of ChEFT,
such as baryon masses, axial coupling constants, magnetic moments [1–4], and so on. These
works largely improved our understanding on the QCD theory for single hadrons at low
energy region.
For nucleon-nucleon (NN) system, the potentials from ChEFT at different expansion
orders were constructed, whose lower-energy constants (LECs) were determined by fitting
the NN scattering data [5–13]. Until now, the next-to-next-to-next-to-next-to-leading order
(N4LO, fifth order) has been completely included in the chiral NN potentials [14–19], which
were adopted to calculate the properties of light nuclei and infinite nuclear matter [17, 20, 21].
As for the LQCD, the information of nucleon-nucleon interaction were extracted from the
Wilson quark action by several groups [22–25]. The pion-mass-dependent NN forces were
obtained by the HALQCD collaboration in the LQCD [26–29]. Although, the pion masses
(quark masses) in these calculations were still far from the physical mass point (mpi =
468.6, ..., 1170.9 MeV), they were already applied to investigate the properties of nuclear
many-body problems [30–33].
As the case of ChEFT for single nucleon at various pion masses provided important infor-
mation on the chiral dynamics, the ChEFT for two-nucleon system should provide valuable
information on the role of pion in complex nuclear system. However, the investigations for
the connection of the ChEFT and LQCD for nuclear force is very few until now. Recently,
Song et al. adopted the available hyperon-hyperon scattering data from LQCD simulations
to discuss the relativistic baryon-baryon interaction [34]. Barnea et al. predicted the bind-
ing energies of light nuclei with the NN interaction generated by the pionless EFT using
the hyperspherical harmonics method and auxiliary-field diffusion Monte Carlo method at
mpi = 805 MeV, where the leading-order (LO) LECs were fitted to the deuteron, dineutron,
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and triton energies obtained by the NPLQCD group [35, 36].
In this work, we try to construct a bridge between ChEFT and LQCD in terms of NN
force and extract the LECs from LQCD simulations for the first time. Though it is not
any more available for the ChEFT at larger pion mass, it is still important to extract the
pion-mass dependence of LECs to elucidate the role of pion in complex system from LQCD,
which can change the pion mass freely. The chiral NN potentials are generated from the
available HALQCD lattice simulations, which have strong pion-mass dependence. Since the
statistical errors of the lattice simulations are not satisfactory yet, the chiral expansion order
is restricted to the lowest order, i.e., leading order, where only two LECs, CS and CT can
be extracted. We will discuss the pion-mass dependence of LECs and the pion form factors.
Furthermore, we will apply these chiral potentials to study the properties of nuclear matter
and obtain their equations of state with different pion masses.
II. LEADING ORDER CHIRAL NN POTENTIAL
Since the chiral effective Lagrangian at leading order comes from two-nucleon tree dia-
grams, the NN potential is written as one-pion-exchange component and the contact terms.
It is given explicitly as following in the center-of-mass system [37, 38],
V
(0)
NN
(~p1, ~p2) = −
g2
A
4f 2
pi
~σ1 · ~q~σ2 · ~q
~q2 +m2
pi
~τ1 · ~τ2 + CS + CT~σ1 · ~σ2, (1)
where gA, fpi and mpi denote the nucleon axial coupling constant, pion decay constant,
and pion mass, respectively. ~q = ~p1 − ~p2 is the momentum transfer between two nucleons,
where ~p1 and ~p2 denote the initial and final nucleon momenta in the center-of-mass system,
respectively. The superscript (0) denotes the chiral expansion order. The LECs in the LO
contact terms can be expressed in terms of the partial wave components in the 1S0 and
3S1
channels [18],
V
(0)
ct (
1S0) = C˜1S0 = 4π(CS − 3CT ), (2)
V
(0)
ct (
3S1) = C˜3S1 = 4π(CS + CT ).
To determine the LECs, C˜1S0 and C˜3S1, the LO chiral potential, V
(0)
NN
(~p1, ~p2), is inserted to
a scattering equation to generate the phase shifts of NN collisions. We follow the choice of
Entem et al. with a relativistic version, the Blankenbeclar-Sugar equation, which is shown
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explicitly in [18, 39]. Furthermore, a regular function should be multiplied with the chiral
potential, V̂ , to avoid the divergence at high momenta in the scattering equation, with an
exponential function in momentum space [18, 19],
f(p1, p2) = exp
[
−(p1/Λ)
(2n)
− (p2/Λ)
(2n)
]
. (3)
The cut-off momentum, Λ, and the power, n, will be fixed by fitting the phase shifts from
the lattice forces in this work. Once these chiral NN potentials are obtained, the properties
of symmetric nuclear matter and pure neutron matter will be calculated within Brueckner-
Hartree-Fock (BHF) method [41–43].
III. RESULTS AND DISCUSSIONS
In the lattice NN forces from HALQCD collaboration, the pion masses range from 468.6
MeV to 1170.9 MeV with different u, d quark masses. The corresponding nucleon masses
change from 1161 MeV to 2274 MeV [28, 30]. Furthermore, the axial-vector coupling con-
stant gA and pion-decay constant fpi can be evaluated by the LQCD method as a function of
pion mass. The available investigations indicated that the axial-vector coupling constant is
not so sensitive to the pion mass [1]. Therefore, it is fixed to gA = 1.20 in the present work
for all potentials as shown in Ref. [1]. On the contrary, the pion-decay constant is strongly
dependent on the pion mass from the present LQCD simulations. Its value can be compared
with the predictions of SU(2) chiral perturbation theory at next-to-next-to-leading order,
which can be expressed by the chiral logarithms in terms of pion masses [2]. Therefore, we
can use these achievements to fix the pion-decay constants at the corresponding pion masses
from 468.6 MeV to 1170.9 MeV.
Once these physical constants are determined, there are four free parameters in the LO
chiral NN potentials, two LECs in contact terms, C˜1S0, C˜3S1 , the power of cut-off, n, and
cut-off momenta Λ at each pion mass. Here, we want to state that Λ in this work is just
a cut-off momenta in the form factor, rather than the breaking scale in the conventional
ChEFT. They will be fitted with the least square method to the phase shifts in the 1S0 and
3S1 channels for neutron-proton system from the HALQCD lattice NN potentials, below the
laboratory energy Elab = 150.0 MeV. The best fitting results are obtained for the exponential
cutoff function at n = 1, and we first fix n at this value and simulate the phase shifts of
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HALQCD NN potentials at long distance. All physical constants and free parameters, which
are pion-mass dependent, are listed in Table I. All the pion-decay constants fpi, LECs of
contact terms (in unit of 104 GeV−2 ), and cut-off momenta increase with the pion masses.
These LO chiral potentials are named as LO469, LO672, LO837, LO1015, and LO1171,
corresponding to the different pion masses, mpi = 468.6, 672.3, 836.5, 1015.2, and 1170.9
MeV, respectively for convenience.
LO469 LO672 LO837 LO1015 LO1171
mpi [MeV] 468.6 672.3 836.5 1015.2 1170.9
MN [MeV] 1161.0 1484.0 1749.0 2031.0 2274.0
fpi [MeV] 118.0 133.0 145.0 159.0 172.0
C˜1S0 −0.077 −0.027 −0.024 −0.021 −0.016
C˜3S1 −0.091 −0.029 −0.028 −0.025 −0.022
Λ [MeV] 334.37 550.00 569.81 622.93 664.91
χ2/d.o.f 9.385 8.805 0.389 2.665 0.928
TABLE I: The pion mass, nucleon mass, pion-decay constant, LECs of contact terms and cut-off
momenta at LO chiral potential from LQCD data with different pion masses from 468.6 MeV to
1170.9 MeV. The LO LECs are in unit of 104 GeV−2.
In Fig. 1, the NN scattering phase shifts in the 1S0 and
3S1 channels from the HALQCD
calculations and the LO chiral NN potentials are compared at different pion masses. The
solid and dashed curves are generated by the LO chiral NN potentials. The square and
diamond symbols represent the HALQCD data. It can be found that the LO chiral poten-
tials can describe the results from lattice simulations very well at larger pion masses from
LO837 to LO1171 potentials. This situation is becoming worse for lower pion masses, i.e.,
LO469 and LO672 potentials, at larger laboratory energy Elab, which is related to the strong
repulsions of NN potential at short range region. It demonstrates that the contact terms
of LO chiral potentials cannot completely display the complexities of lattice data at short
range region and the next-to-leading order in the chiral expansion must be included at lower
pion masses.
The phase shifts from HALQCD collaboration involved stochastic and systematic errors
due to the complicated Monte Carlo simulations, which have been shown in Fig. 4 of Ref. [29]
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FIG. 1: The phase shifts in the 1S0 and
3S1 channels from the lattice NN potentials (discretized
symbols) and the chiral NN potentials (solid and dashed lines) with different pion masses from
468.6 MeV to 1170.9 MeV.
and Fig. 2 of Ref. [30]. Therefore, it is necessary to discuss the influences of such uncertainties
on the chiral potential, especially for the LECs, C˜1S0 and C˜3S1 . Therefore, these LECs are
refitted by considering the error bars appearing in HALQCD phase shifts at 1S0 and
3S1
channels with mpi = 468.6 MeV at a fixed cut-off momentum Λ = 334.37 MeV. It is found
that the corresponding LECs should be C˜1S0 = −0.077 ± 0.012 and C˜3S1 = −0.091 ± 0.010
now. The phase shifts from LO chiral potentials with such LECs are shown as the shadow
regions in Fig. 2 for 1S0 and
3S1 channels in panels (a) and (b), respectively. The phase
shifts from HALQCD with uncertainties are also given as the square symbols with error bars
to be compared. It can be seen that the lattice data are within the LO chiral potentials’
uncertainty regions for phase shifts at small energy region. The differences between chiral
potentials and HALQCD data become larger with increasing energy, because the cut-off
momentum is relatively small in LO469 potentials. Now, the uncertainties of LECs in present
chiral potentials are around 10% ∼ 15% from the LQCD data, while they are just about 1%
for the chiral potential generated by the NN scattering data [19]. Due to the lack of the
uncertainties of HALQCD data at larger pion masses, a more systematical analysis cannot
be done in present framework, such as the Bayesian method in Ref. [44]. Furthermore, the
calculations in HALQCD were done in the discretized space. However, present phase shifts
are derived from the continuum momentum space. Therefore, the present uncertainties in
LECs also include some finite-size effect.
It is interesting to compare these chiral NN potentials from LQCD data with the one at
physical mass point. Therefore, a LO chiral potential is obtained by fitting the phase shifts
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FIG. 2: The uncertainties of phase shifts in the 1S0 and
3S1 channels from lattice NN potential
(square symbols with error bars) and the chiral NN potential (shadow regions) with mpi = 468.6
MeV.
at 1S0 and
3S1 channels extracted from the experimental data of NN scattering at mpi = 140
MeV, where MN = 939 MeV and fpi = 92.4 MeV, named as LO140 potential. The phase
shifts are reproduced better than the one of the conventional LO chiral NN potentials for
the lower energy region Elab < 150 MeV [16]. We use the order of the cutoff function n = 1
instead of 2 in the other works. It means that the exponential regulator in this work is
weaker than other ones, such as LO chiral potential given by Entem et al. [18]. Its cutoff
momentum is Λ = 500 MeV. Therefore, we can obtain more repulsive contributions on phase
shifts.
At the physical point, the strengths of contact terms and cut-off momenta are given as
C˜1S0 = −0.152, C˜3S1 = −0.214, and Λ = 322.49 MeV. With these parameters, the LO140
potentials at physical pion-mass point can describe the phase shifts from experimental data
very well as shown in Fig. 3, while the LO chiral potential with larger cutoff momentum
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shown as dashed line cannot reproduce the phase shifts at larger incident energies. Com-
paring with the present lattice simulations at heavier pion masses, it is obvious that the
phase shifts at mpi = 140 MeV are larger in the
1S0 and
3S1 channels, which indicates there
are more attractive contributions in the realistic NN potentials. In the work of Inoue et al.
of HALQCD group [30], the potentials of 1S0 and
3S1 channels only provide the maximum
attractions around −40 MeV in the intermediate range, while these values are close to −100
MeV for realistic potentials, such as AV18 and CD Bonn potentials.
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FIG. 3: The phase shifts of 1S0 and
3S1 channels from the Nijmegen PWA (discretized symbols),
the chiral NN potentials (solid lines) with physical pion mass mpi = 140.0 MeV and small cut-off
momentum in present work, and the chiral LO potential with Λ = 500 MeV (dashed lines) given
by Entem et al. [18].
In Fig. 4, the LECs at leading order, C˜1S0 and C˜3S1 are given as a function of pion mass
from mpi = 140.0 MeV to mpi = 1170.9 MeV. At larger pion masses, these LECs in the
1S0
and 3S1 channels are almost identical. With the pion mass approaching the physical value,
their differences become larger suddenly. With present HALQCD data, it looks not so easy to
extrapolate LECs of chiral potential at physical pion mass from the lattice data. Comparing
to the LQCD simulations on meson and one-baryon sectors, the uncertainties of two-nucleon
system from HALQCD is relatively larger. Furthermore, the mechanism of NN interaction
is more complicated. In this work, we just attempt to build the connections between the
ChEFT and LQCD in NN potentials. With more comprehensive LQCD calculations on
few-body systems in future, it is expected that we can extract the NN interaction at the
physical pion mass using the lattice results at larger pion masses in the chiral expansion
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technique as has been performed for single nucleon.
Recently there was an interesting study of two-nucleon system for axion production and
gamma absorption assuming C˜1S0 = C˜3S1 , which corresponds the Wigner symmetry [45].
The Wigner symmetry is obtained in the large number of colors limit of QCD. The present
study indicates that the Wigner symmetry is realized even for the color number is three for
the case of large pion mass, which corresponds to large quark mass.
On the other hand, in nature, the scattering lengths are a1S0 = −23.740± 0.020 fm and
a3S1 = 5.419±0.007 fm for proton-neutron system [46, 47]. Therefore, C˜1S0 and C˜3S1 should
have distinct differences when the pion mass is close to the physical pion mass.
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FIG. 4: The LECs at leading order, C˜1S0 and C˜3S1 with different pion masses from 140.0 MeV to
1170.9 MeV.
The LO chiral NN potentials from HALQCD data are adopted to investigate the prop-
erties of nuclear matter in the framework of BHF method. In these calculations, only four
channels, 1S0,
3S1,
3D1, and
3S1-
3D1 are included to follow the available LQCD simulations.
In Fig. 5, the equations of state of symmetric nuclear matter (panel (a), δ = (N−Z)/A = 0)
and pure neutron matter (panel (b), δ = (N − Z)/A = 1) are shown with different pion
masses. There is a saturation binding energy, E/A = −6.80 MeV at ρB = 0.45 fm
−3 for
LO469 potential in symmetric nuclear matter, while the bound system is not found in LO672
and LO837 potentials. With the pion mass, the systems have very weak bound states with
LO1015 and LO1171 potentials at high density. Actually, the behaviors can be explained
by the phase shifts of chiral potentials given in Fig. 1. The LO469 potential provides the
largest phase shifts in the 1S0 and
3S1 channels, which generates the strongest attractive
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contributions. In LO672 potential, the phase shifts in the 1S0 and
3S1 channels suddenly
decrease and are only one half of LO469 potential. With the pion mass, the magnitudes of
phase shifts become larger and larger. Therefore, the energy per nucleon in the correspond-
ing equations of state is changed from positive values to negative ones. Furthermore, the
saturation binding energy of LO469 potential in present work is deeper than the similar cal-
culation with HALQCD simulation potential directly by Inoue et al., where the saturation
point is E/A = −5.4 MeV at ρB = 0.414 fm
−3 [30]. It is because that phase shifts of 1S0
channel given by LO469 potential are more attractive than the lattice data at larger Elab.
In the pure neutron matter, only 1S0 channel provides the contribution due to the Pauli
principle. The LO469 potential gives the most repulsive equation of state, while the LO1171
potential generates the most attractive one. In general, the behaviors of equations of state
of nuclear matter in the LO chiral potentials are similar to those with HALQCD potentials
obtained by Inoue et al.
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FIG. 5: The equations of state of symmetric nuclear matter and pure neutron matter from LO
chiral NN potentials with different pion masses from 468.6 MeV to 1170.9 MeV.
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IV. CONCLUSION
Nature behaves as it is due to the fact that the pion mass is the one in the free space. The
pion-mass dependence of NN potentials was a very important problem to understand the
QCD theory at the low energy scale. The NN potentials with pion-mass dependence were
constructed in term of one-pion exchange and contact terms, for the first time, based on the
chiral effective field theory with leading-order expansion and the recent lattice QCD achieve-
ments obtained by HALQCD group. In these potentials, the attractions became weaker and
weaker, and the LECs, C˜1S0 and C˜3S1 became larger with the pion mass. Furthermore, the
magnitudes of C˜1S0 and C˜3S1 at larger pion masses were very closed to each other, while
their differences became obvious when the pion mass approached the physical point.
We constructed the equations of state of symmetric nuclear matter and pure neutron
matter with these LO chiral potentials in the framework of BHF method. The LO469
potential generated the bound states in symmetric nuclear matter. As for pure neutron
matter, there was only the contribution from 1S0 channel due to the Pauli principle and
the potentials with larger pion masses provided more repulsive contributions. These results
showed that the properties of nuclear many-body system were strongly dependent on the
pion mass, which is a contradiction of the conclusions from the pionless ChEFT. To interpret
the relations between the lattice simulation and ChEFT on two-nucleon system, more partial
waves are to be calculated in the lattice QCD, since next-to-leading order NN interaction
is combined by the LECs in terms of 1S0,
3 P0,
1 P1,
3 P1,
3 S1,
3 S1 −
3 D1, and
3P2 channels.
Acknowledgments
This work was supported by the National Natural Science Foundation of China (Grants
No. 11775119, No. 11675083, No. 11405090, and No. 11405116), the Natural Science
Foundation of Tianjin, and China Scholarship Council (Grant No. 201906205013 and No.
201906255002).
[1] A. Ali Khan, M. Go¨ckeler, Ph. Ha¨gler, T. R. Hemmert, R. Horsley, D. Pleiter, P. E. L. Rakow,
A. Scha¨fer, G. Schierholz, T. Wollenweber, and J. M. Zanotti, Phys. Rev. D 74, 094508 (2006).
12
[2] S. Du¨rr, Zolta´n Fodor, C. Hoelbling, S. Krieg, T. Kurth, L. Lellouch, T. Lippert, R. Malak,
T. Me´tivet, A. Portelli, A. Sastre, and K. Szabo´, Phys. Rev. D 90, 114504 (2014).
[3] X. L. Ren, L. Alvarez-Ruso, L. G. Geng, T. Ledwig, J. Meng, and M. J. Vicente Vacas, Phys.
Lett. B 766, 325 (2017).
[4] Y. Xiao, X. L. Ren, J. X. Lu, L. S. Geng, and U.-G. Meißner, Eur. Phys. J. C 78, 489 (2018).
[5] S. Weinberg, Phys. Lett. B 251, 288 (1990).
[6] S. Weinberg, Nuclear Phys. B 363, 3 (1991).
[7] S. Weinberg, Phys. Lett. B 295, 114 (1992).
[8] C. Ordo´n˜ez, L. Ray, and U. van Kolck, Phys. Rev. Lett. 72, 1982 (1994).
[9] C. Ordo´n˜ez, L. Ray, and U. van Kolck, Phys. Rev. C 53, 2086 (1996).
[10] E. Epelbaum, W. Glo¨ckle, and U.-G. Meißner, Nucl. Phys. A 637, 107 (1998).
[11] E. Epelbaum, W. Glo¨ckle, and U.-G. Meißner, Nucl. Phys. A 671, 295 (2000).
[12] E. Epelbaum, W. Glo¨ckle, and U.-G. Meißner, Nucl. Phys. A 747, 362 (2005).
[13] D. R. Entem and R. Machleidt, Phys. Rev. C 68, 041001 (2003).
[14] D. R. Entem, N. Kaiser, R. Machleidt, and Y. Nosyk, Phys. Rev. C 91, 014002 (2015).
[15] D. R. Entem, N. Kaiser, R. Machleidt, and Y. Nosyk, Phys. Rev. C 92, 064001 (2015).
[16] E. Epelbaum, H. Krebs, and U.-G. Meißner, Eur. Phys. J. A 51, 53 (2015).
[17] E. Epelbaum, H. Krebs, and U.-G. Meißner, Phys. Rev. Lett. 115, 122301 (2015).
[18] D. R. Entem, R. Machleidt, and Y. Nosyk, Phys. Rev. C 96, 024004 (2017).
[19] P. Reinert, H. Krebs, and E. Epelbaum, Eur. Phys. J. A 54, 86 (2018).
[20] J. Hu, Y. Zhang, E. Epelbaum, Ulf -G. Meißner, and J. Meng, Phys. Rev. C 96, 034307
(2017).
[21] S. Binder, et al., LENPIC Collaboration, Phys. Rev. C 98, 014002 (2018).
[22] N. Ishii, S. Aoki, and T. Hatsuda, Phys. Rev. Lett. 99, 022001 (2007).
[23] S. R. Beane, E. Chang, S. D. Cohen, W. Detmold, P. Junnarkar, H. W. Lin, T. C. Luu, K.
Orginos, A. Parreno, M. J. Savage, and A. Walker-Loud, Phys. Rev. C 88, 024003 (2013).
[24] T. Iritani, S. Aoki, T. Doi, T. Hatsuda, Y. Ikeda, T. Inoue, N. Ishii, H. Nemura, and K.
Sasaki, Phys. Rev. D 96, 034521 (2017).
[25] E. Berkowitz, T. Kurth, A. Nicholson, B. Joo´, E. Rinaldi, M. Strother, P. M. Vranas, and A.
Walker-Loud, Phys. Lett. B 765, 285 (2017).
[26] S. Aoki, T. Hatsuda, and N. Ishii, Prog. Theor. Phys. 123, 89 (2010).
13
[27] S. Aoki, T. Doi, T. Hatsuda, Y. Ikeda, T. Inoue, N. Ishii, K. Murano, H. Nemura, and K.
Sasaki (HAL QCD Collaboration), Prog. Theor. Exp. Phys., 01A105 (2012).
[28] T. Inoue, N. Ishii, S. Aoki, T. Doi, T. Hatsuda, Y. Ikeda, K. Murano, H. Nemura, and K.
Sasaki, Phys. Rev. Lett. 106, 162002 (2011).
[29] T. Inoue, N. Ishii, S. Aoki, T. Doi, T. Hatsuda, Y. Ikeda, K. Murano, H. Nemura, and K.
Sasaki (HAL QCD Collaboration), Nucl. Phys. A 881, 28 (2012).
[30] T. Inoue, S. Aoki, T. Doi, T. Hatsuda, Y. Ikeda, N. Ishii, K. Murano, H. Nemura, and K.
Sasaki, Phys. Rev. Lett. 111, 112503 (2013).
[31] T. Inoue, S. Aoki, B. Charron, T. Doi, T. Hatsuda, Y. Ikeda, N. Ishii, K. Murano, H. Nemura,
and K. Sasaki, Phys. Rev. C 91, 011001(R) (2015).
[32] C. McIlroy, C. Barbieri, T. Inoue, T. Doi, and T. Hatsuda, Phys. Rev. C 97, 021303(R)
(2018).
[33] J. Hu, H. Toki, and H. Shen, Sci. Rep. 6, 35590 (2016).
[34] J. Song, K. W. Li, and L. S. Geng, Phys. Rev. C 97, 065201 (2018).
[35] N. Barnea, L. Contessi, D. Gazit, F. Pederiva, and U. van Kolck, Phys. Rev. Lett. 114, 052501
(2015).
[36] L. Contessi, A.Lovato, F.Pederiva, A.Roggero, J.Kirscher, U.van Kolck, Phys. Lett. B 772,
839, (2017).
[37] E. Epelbaum, H.-W. Hammer, U.-G. Meißner, Rev. Mod. Phys. 81, 1773 (2009).
[38] R. Machleidt, D. R. Entem, Phys. Rep. 503, 1 (2011).
[39] R. Brockmann and R. Machleidt, Phys. Rev. C 42, 1965 (1990).
[40] R. Machleidt, One-Boson-Exchange Potentials and Nucleon-Nucleon Scattering, Invited re-
view article in Computational Nuclear Physics 2, K. Langanke, J. A. Maruhn and S. E.
Koonin, Editors, Springer-Verlag, NY (1993), pp 1-29.
[41] Z. H. Li, U. Lombardo, H.-J. Schulze, W. Zuo, L. W. Chen, and H. R. Ma, Phys. Rev. C 74,
047304 (2006).
[42] M. Baldo, C. Maieron, J. Phys. G 34, R243 (2007).
[43] M. Baldo and G. F. Burgio, Rep. Prog. Phys. 75, 026301 (2012).
[44] J. Hu, P. Wei and Y. Zhang, Phys. Lett. B 798, 134982 (2019).
[45] T. Mehen, I. W. Stewart, and M. B. Wise, Phys. Rev. Lett. 83, 931 (1999).
[46] R. Machleidt, Phys. Rev. C 63, 024001 (2001).
14
[47] C. Wang, J. Hu, Y. Zhang, and H. Shen, Chin. Phys. C 43, 114107 (2019).
15
